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Abstract

The world’s largest underground gas storage fgaditHutubi (HUGS), China, is a unique case
where cyclic gas injection-extraction induced bs¢ismicity and ground deformation. To assess
the potential for future induced seismicity, we elep a framework physically based on a well-
constrained hydro-geomechanical model and on ftdlypled poroelastic simulations. We first
interpret the spatiotemporal distribution and foeechanisms of induced earthquakes and use
these to estimate the magnitude and location datigest potential earthquake. The sharp increase
in seismicity was controlled by poroelastic loadorgsecondary southwest-dipping thrust faults
with spatial scales too small to be resolved bys@idmic surveys. Both operational and local
geological factors affect the seismic productiatythe HUGS site, distinguishing it from most
cases of seismicity induced by wastewater dispmsdhydraulic fracturing. We then conduct slip
tendency analyses for major faults imaged by therse data, including the largest reservoir-
bounding Hutubi fault hydraulically connected tgeiction wells. The reactivation potentials of
these imaged faults are estimated to be extreraelyAccordingly, future seismicity would most
likely occur on failure-prone secondary faults @gions with positive stress perturbation due to
poroelastic loading. The maximum magnitude likedpends on the spatial scales of the secondary
faults. As the occurrence of detected earthquakepatially and temporally consistent with the
simulated evolution of Coulomb stress perturbatibe location of the largest potential earthquake

probably depends on the sizes of the poroelasgssihg regions.

Plain Language Summary

Across the world there are numerous undergroundtgaage (UGS) facilities that are either under
construction or planned due to major demands farckenergy and major concerns over tackling
issues related to global climate change. Inducestdnseity at UGS facilities is a burgeoning topic,
with few documented cases so far. In some cases fdGiffies are located in highly-populated
regions that could experience strong ground shakirego local and shallow induced earthquakes.
Under the typical scenario of earthquakes inducgegdre pressure diffusion, the maximum
magnitude is sometimes thought to be governedubg-ftimulated rock mass or the volume of
injected fluids. However, in the case of earthqgakeduced by poroelastic effects (rock
deformation beyond the overpressure front), we krery little about the influence of additional
critical parameters on the timing, location, andgmeude of induced earthquakes. The largest

potential earthquake associated with the HUGS psoblem compounded by the effects from
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pressure and poroelastic perturbation. Our stutpyshte fill in the knowledge gap between pore
pressure and poroelastic effects, and providesfeaerece to assess and mitigate the risk of

seismicity related to UGS operations.
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1 Introduction

The Hutubi underground gas storage (HUGS) fadditippcated in a transition zone between the

northern Tien Shan and the southern Junggar Basiorthwest China (Figure 1a). The subsurface

repository was transformed from a depleted natyaal reservoir, which had been producing gas

for about 14 years, from 1998 to 2012. During thmaé, the pressure within the reservoir decreased
from ~34 MPa to ~13.2 MP&Cg@o, 2013. Field tests of gas concentrations in wells rtbar
repository revealed that it had retained its eecelhatural sealing ability after the depleti®agfg
et al., 2012 The design capacity of the HUGS facility is od0.7 billion n¥ (Cao, 2013 (Figure
1b), making it the largest storage capacity invloeld. The maximum working pressure of the

reservoir is set to be 34 MPa, equal to the infti@ssure before exploitation of the gas field in

1998. Therefore, the possibility of reservoir ovegsurisation threatening the caprock integrity

(Dempsey et al., 20)4s expected to be quite low.
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Figure 1. The Hutubi underground gas storage (HUGS) faci(iyy. Tectonic setting of the HUGS. (b)
Variations of gas volumes and measured pore presgtitin the reservoir from the first to sixth infeon

phase. The initial gas volume and pressure witha reservoir are 4.53 billion *vand ~13.2 MPa,

respectively. In contrast, the design capacity madimum working pressure are 10.7 billiod and 34

MPa, respectively. (c) Induced seismicity and gbdeformation. Black arrows plot horizontal ground
displacements observed by 13 campaign GPS stdtimms2014/03/28 to 2017/11/18iéng et al. 202D
The gray dashed ellipse is about 15 km off the HUGS and used to select potential induced earthquakes from
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China Earthquake Data Center (CEDC). Well DF1 mtesisonic logging and drilling data for geological

interpretation of 3D seismic reflection data.

Since the operation commenced on 9 June 2013, \@tgers of both seismicity and ground
displacements have been demonstrably linked tacoyak injection-extractiordiang et al., 2020;
Qiao et al., 2018; Tang et al., 2018; Zhou et aD19. Two M. >3.0 earthquakes occurred in
August 2013, only two months after the operatiagyFe 1c). A local Global Positioning System
(GPS) network detected horizontal ground extensiothe order of centimeters (~0.9 cm/yr) due
to gas injection at depths of ~3.6 km, which caliesi with the response of a sealed reservoir with
pressure build-upJ{ang et al., 2020 Accordingly, the effect of loading from cyclieservoir
dilatation was considered to be a causal factathseismic cluster relocated by Zhou et2019

at ~2 km northeast of the HUGS in August 2013 (Fedlc) (Jiang et al., 202D

Despite the abundance of geophysical observatioaghysical mechanism behind the spatial and
temporal distribution of induced seismicity at tH&GS site, and estimates of the magnitude and
location of the largest potential earthquake, &hers doubt. In particular, the largest earthqaak
magnitude is a crucial parameter of seismic haaaaldysis owing to its strong influence on the
exceedance probability of ground motion. Deterniamaif the magnitude and location is a
fundamental challenge but is helpful to improve dlceuracy of hazard assessments for induced
earthquakes (e.cgllsworth, 2013; McGarr et al., 2015; Yeck et &015; Petersen et al., 2018
Current statistical models for the maximum magretadn predict an increase in the frequency of
felt events (e.g.yan der Elst et al., 20)6but they cannot locate specific faults that riga

responsible for future seismicity.

Considering that the current operational cycléehefHUGS is sufficient to induce earthquakes and
has not yet reached the maximum working capacityufE 1b), it is plausible that any future
operation in excess of present capacity could iediacger earthquakes under the physical
mechanism of poroelastic loading associated welhréservoir dilation and contraction. Moreover,
the 16-km-long Hutubi fault, bisecting the resenand acting as a barrier to gas transgeang

et al., 2012, inevitably suffers from pressure perturbationsray cyclic gas injection-extraction,
thus giving rise to another potential of fault mdzation. A full-length rupture could lead to a
destructive earthquake with a magnitude around M8v (Blaser et al., 2019 which would

constitute one of the largest induced earthquakesaord. These two potentials make forecast of
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the largest potential earthquake at the HUGS spigoblem compounded by the effects of both

pressure and poroelastic stress perturbation.

In the case of earthquakes induced by pore pregsuterbation, the maximum magnitude has
been regarded to be governed by the volume of-8tildulated rock $hapiro et al., 20)1or
injected fluids McGarr, 2014. In contrastyan der Elst et al (201&rgue that the magnitudes of
induced earthquakes can be as large as allowdtkltgttonic setting and the Gutenberg-Richter
distribution: injection and tectonic factors (stes and faults) control the earthquake nucleation
and magnitude, respectively. Based on recent azakedynamic rupture simulations, the state of
absolute stress can influence the rupture behafianduced earthquakes: ones nucleating by
localized pore pressure perturbations are likelfraseesting in low shear stress environments
(Cappa & Rutqgvist, 2011Galis et al., 2017Norbeck & Horne, 2018 which may explain why
the maximum magnitudes in many cases of inducesnsgity are linked to injection parameters
rather than tectonic factors. However, some regahiced earthquakes in high tectonic stress
environments like the 2017 Mw 5.5 Pohang (Koreabhemake [ee et al., 201Pappear to have
ruptured beyond the pressurized fault zones. Bypawison, the controlling factors on the
maximum magnitude of earthquakes induced by roérd®tion beyond the overpressure front
(poroelastic effect) remain poorly understood. HGS case sheds light on how to estimate the

magnitude of the largest potential earthquake iaduxy poroelastic effects.

Recent efforts on forecasting the magnitude ofléhgest potential earthquake have been made
mainly using statistical and physics-based prokslail methods, which were applied both
theoretically Mazzoldi et al., 2012; Dieterich et al., 2015; vder Elst et al., 2016; Maurer &
Segall, 201Band in practice. Some notable case studies ia¢hel Basel (Switzerland) Enhanced
Geothermal System (EGS) projeéfghari Moein et al., 2098 The Geysers (United States)
geothermal field Kwiatek et al., 201f wastewater disposal in Oklahoma and Kansas €dnit
States) lltangenbruch & Zoback, 2016; Langenbruch et al.,&0orbeck & Rubinstein, 2018;
Zhai et al., 2019 and depletion and compaction of the GroningeetliBrlands) gas fiel&fller

& Holschneider, 2016; Dempsey & Suckale, 2017; Gdaet al., 2019; Richter et al., 20T he
majority of these studies are heavily reliant orttepuake catalogs, with limited consideration of
the relationship between the spatial distributionnduced seismicity to realistic pore pressure

diffusion and/or poroelastic loading processesthia study, we take physical interpretation of
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both spatial and temporal distribution as well asaf mechanisms of induced earthquakes as a

premise to evaluate both the magnitude and locatidine largest potential earthquake.

In addition, there are many UGS facilities that @iteer under construction or planned across the
world. This represents a potentially looming crisisace UGS operations can expose local
communities to the potential risks of surface defation and induced seismicitfrfolo et al.,
2015; Gaite et al., 2016; Tang et al., 2018; Zhdwak, 2019;Jiang et al., 202D Moreover,
induced earthquakes in populated areas caused Hgr anthropogenic fluid injection and
extraction activities appear to be growing in seald frequency (e.gMcGarr et al., 2015Chen

et al., 2017; Lee et al., 2019; Lei et al., 201%™ et al., 202D Recent attempts to control the
size of induced earthquakes at two EGS sites haem Isuccessful (near Helsinki, Finland;
Kwiatek et al., 201Pbut also disastrous (Pohang, Kor&m et al., 2018 These two cases
accentuate the need for timely advancements inadsthsed to assess and manage evolving risk.
Rutqvist et al(2016)emphasize that a best-practice framework is nacgss investigate induced
seismicity based on the lessons learned from dedprground carbon dioxide (GJOnjection.
With an abundance of seismic, geodetic, and geoldgta available, the HUGS represents an
opportunity to conduct detailed analyses of thespaf processes leading to induced earthquakes

as well as to develop a physics-based strategysiesa seismic risk.

The remainder of this paper is organized as folldwst, a physics-based framework is developed
in Section 2 to simultaneously interpret the spatigporal distribution and focal mechanisms of
induced earthquakes and to assess the largestipbearthquake. Then, we present a variety of
data including earthquake catalogs, dense 3D seisfiection and production data in Section 3.
Following the framework, we simulate the spatiotenap evolution of stress perturbation (pore

pressure and Coulomb failure stress) associatddoydlic gas injection-extraction of the HUGS

in Section 4 to interpret the observed seismietgluate the reactivation potential of major faults
identified by 3D seismic survey, and then make ssessment of the magnitude and location of
the largest potential earthquake that might oacdine future. Finally, we conduct sensitivity tests

to investigate the influences of model parametinggs on our results.
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2 Physics-based framework of assessing the largest potential earthquake

We develop a physics-based framework to first pretrthe spatiotemporal distribution and focal
mechanisms of induced earthquakes and then estth@t@agnitude and location of the largest
potential earthquake (Figure 2). A hydro-geomeatanimodel constrained by multiple
geophysical, geologic, and geodetic observatidia( et al., 202Dis applied to simulate cyclic
gas injection-extraction of the HUGS based on fathypled poroelasticityRice and Cleary, 1976,
Wang, 200D Then, spatiotemporal evolution of pore pressung Coulomb stress perturbation is
derived from numerical simulations and used torpret detected earthquakes. If valid physical
interpretation is achieved, we then assess thdidmcand magnitude of the largest potential
earthquake, respectively, through two paths. If wetgo back to check the hydro-geomechanical
model and earthquake catalogs.

S w—

No, revisit

Earthquake
catalog

No, revisit

In situ stress
and fault
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Figure 2. Physics-based framework to estimate the magnitudk lacation of the largest potential
earthquake at the HUGS site. Two yellow diamondsused to judge whether the physical interpretation
is achieved and the reactivation potential of mégait, respectively.

The physical logic of the left path is that if $ienulated stress perturbation can interpret theadpa
distribution of observed seismicity, we can thus iigo estimate the occurrence range of future
induced seismicity. In the right path, we first siate the temporal stress variations within the
major faults identified by 3D seismic survey, ahdrt evaluate the reactivation potentials of the
faults based on the method of slip-tendency araWsirris et al., 1996, Streit & Hillis, 2009. If
they are reactivated, the magnitude of the largadhquake would depend on their spatial scales;
otherwise, we estimate the maximum magnitude basete fault lengths illuminated by seismic
clusters. The step of seismicity interpretationsmidates the physical base of final evaluation
results. With all major faults identified and magpevaluation of the maximum magnitude largely
depends on determining the spatial scales of th#sfdhat are most likely to slip; this is
independent of the competing models for injectimfuced earthquakes (e.bl¢Garr, 2014; van
Der Elst et al., 2016; Galis et al., 2017

2.1 Well-constrained hydro-geomechanical model

Guided by seismic reflection profiles, a local @ty model, rock physics measurements, drilling
and logging data, Jiang et &20@0 formulated a 2D hydro-geomechanical model forHhGS,
which extends over a width of 36 km and a depth4km to minimize boundary effects. The
model comprises seven layers: Upper Aquifers 142pad Layer 3, Caprock Layer, Reservoir
Layer, and Basal Layers 1-2 (Figure S1). At the EFBJGenter, the reservoir layer is located
between 3.53 km and 3.64 km below the surface stdrage repository is about 2.2 km wide and
bounded on the southwest by the Hutubi fault. Basecksults from previous field tes®ang et
al., 2019 and operational stability of the gas fiel@ap, 2013, the fault is treated as an
impermeable seal with a thickness of 10 m. Theosuding rock layers are assumed to be
isotropic porous media. The reservoir porosity pedmeability have been calibrated through a
grid search procedure based on observations ofdrdel ground extension and well pressure
changes Jiang et al., 2020 they fall in narrow ranges of 20-30% and 1.25-3.25 x31@n?,
respectively. Here we select a pair (porosity = 2@&meability = 3.25 x I n¥) within the

domain to conduct subsequent numerical simulafiable S1 lists the elastic moduli, porosity and
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permeability of each layer and faults as well aglfproperties. Additional technical details on the

model building process can be found in Jiang gar0.

Although the hydro-geomechanical model is not 3i2, 2D approximation is adequate for the
analysis of deformation and stress associated withced earthquakes that involve reverse or
normal faulting (e.g.Mazzoldi et al., 2012; Segall &Lu, 2015; Chang & Segall, 2016; Zbinden

et al., 2020. For strike-slip faulting a 3D model may be nesaey, but Zhou et al2019 have
concluded that the induced earthquakes at the Héit@ 8eveloped by reverse faulting. In addition,
Figure 1c shows the extension of injection wellsapal to the Hutubi fault, which indicates that
a 2D model perpendicular to the fault is a reasenapproximation. On the other hand, although
we have attempted to integrate all relevant datéet@lop the hydro-geomechanical model, it is
not clear that the database is sufficiently comensive to develop a robust 3D model. Moreover,
incomplete production data (Section 3.3) also matesdistic 3D geomechanical modeling

impossible.

2.2 Fully-coupled poroelasticity

The theory of poroelasticity couples fluid diffusiaith elastic deformation. The basic theory for
porous media was initially introduced by the piamege work of Biot (941, and later
reformulated in a more physically rigorous manngrRice & Cleary 1976. The governing
equations of fully-coupled isothermal poroelasyi@bnsist of two parts: (I) the Navier-Stokes
equation describing quasi-static equilibrium of #wid matrix of porous medium (with shear

modulusG, Poisson’s ratiw, permeabilityk and porosityy),

G 0%uy op
T _ g _ 1
1-2v 0x;0xy 0x; t ( )

szui +
and (Il) the mass conservation equation descritiiegDarcian flow of fluid (with density;,

viscosity7 and bulk modulu&s) within porous rock

o _kg2, _QOm

whereu; is displacement component in directionof a Cartesian coordinate system. The
guantitiesp andF; are pore pressure and body force, respectivelg.Biat-Willis coefficient,a,

corresponds to the effective stress coefficientidk deformation, controlling the magnitude of
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poroelastic strain induced by fluid injectiap, is the mass source/sink term. The expression of

the constrained specific storage coefficigntan be formulated aSégall, 201}
G 1 _ 1
Se =t 9G—7): (3)
WhereKi andé are unjacketed bulk and pore compressibilitiespeetively. Equation (3) shows

that the storage coefficient depends on not ordyelhstic moduli of the porous medium but also
the fluid properties.

We employ the COMSOL Multiphysics® software packagdéversion 5.6,

https://www.comsol.com/) to solve the governingagns. The porous media is assumed to be
isotropic and microscopically homogeneous, whm:hcmtesKi equal t%. In addition, we set the

HUGS reservoir to be saturated with natural gasdas the fact that there were still 4.53 billion
m?3 gas left in the reservoir after the cease of pctidn of the gas field in 2012. Natural gas is
trapped by buoyancy, and overlies the water irsfstem. The viscosity and bulk modulus

of the gas are set at pressure and temperaturétioosdT=50°C,P=20 MPa) (Table S1) to be
consistent with practical operations. Outside efrgservoir, the rock is saturated with water, also
with constant fluid properties under the specifiegsure and temperature. This setting is supported
by reports that the volumes of water coming ouirduthe extraction phases are very small: the

effect of multi-phase flow is expected to be minor.
2.3 Formulations of ther moelasticity

In addition to the poroelastic effect arising frtime coupling between fluid pressure diffusion and
elastic deformation, temperature contrasts betwiegtted gas and the reservoir can also
influence simulation results. The thermal effectanprised of two aspects: (I) changes to the
fluid properties of gas including viscosityand bulk modulu&:, and (1l) thermoelastic coupling
that causes deformation of solid matrix, especiallipcations where the temperature difference
is largest, like in the reservoir.

The first influence — changes in fluid propertiess-expected to have lesser impact for three
reasons. First, natural gas is injected during waeasons. The temperatures of injection and

extraction gas vary from 12°C to 58°C and from 18®1°C (Figure 3), respectively, which can
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cause ~20% changes of gas density and viscositgruhd pressure of 20 MPa. But the median
values of injection and extraction temperaturey aiffer by 1°C. Second, given that the fluid
properties enter only in the context of the hydmadiffusivity, the impact of their pressure and
temperature dependences will likely be much lessomparison with the dominant effect of
permeability, which changes by orders of magnitisden layer to layer in the model. Third, in
our model the fluid properties of natural gas hlagen determined based on specific temperature

and pressure (Table S1) consistent with practipatations.

Injection temperature Extraction temperature

1000 - 1500 - ;
Maximum=58°C @) Maximum=61°C - (b)
800 - Minimum=12°C - . Minimum=18°C
Median=45°C 1000 | Median=46°C
| & -
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Temperature (°C) Temperature (°C)

Figure 3. Statistical histograms of temperatures of injectand extraction gas from production data
available from 1 June 2016 to 30 April 2017.

The second influence is generally known as thetbetastic effect, consisting of two parts. First,
heat transfer in porous media through conductiofiuad-solid mixture and convection of fluid

flow obeys the energy conservation equation. Assgrtocal thermal equilibrium between fluid
(with specific heatCr and thermal conductivity,) and rock (with densityy, specific heatC; and
thermal conductivity,), and neglecting the dissipation of mechanicatgndue to deformation
of the solid, the equation is given by

(6prCr + (1= $IpsCs) 5o+ pyCrV - T — (i + (1 — )i )V2T = Q.. 4)
whereT is the temperature of the fluid-solid mixture, @hdis an external energy souregis the

Darcy flux, which can be expressed lgs;/n Vp without consideration of the gravitational
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potential and has been involved in equation (2 $écond part is also a mechanical equilibrium

equation. Taking into account the thermoelastieaffequation (1) should be rewritten into

G azuk
1-2v 0x;0xy

0 oT
GV2u; + :“a_iJ’ﬁKa_m_Fi’ (5)

wheref is the volumetric expansion coefficient of thekoandK is the drained bulk modulus

of the porous media.

We also employ COMSOL Multiphysics® to solve therthoporoelasticity problem. Both direct
observational constraints on the thermophysicgbgnttes of rocks of subsurface formation, and
the precise history of gas temperatures are urablail Hence to assess thermal effects of cyclic
gas injection and extraction on the spatiotempeavalution of pore pressures and Coulomb stress
perturbations, we first conduct simulations based fully-coupled poroelasticity, and then
compare them with thermoporoelastic simulationsSection 5.2 based on several groups of
thermophysical parameters.

2.4 Calculation of Coulomb failure stress perturbation
The formula to calculate Coulomb stress changes, (€ing et al. 1994 is
ACFS = At + u(—Ao, + Ap), (6)

whereAt andAg,, are shear and normal stress changes, respecityelg, the change in pore
pressure, and is the static friction coefficient. Compressiveesses are defined to be positive.

Equation (6) can also be rearranged as,
ACFS = APS + ulp , (7)

to isolate the poroelastic stread)S, equal toAt — uAg,, from the direct influence of pore
pressure changes. In subsequent numerical simngatice set the orientations of receiver faults
based on observational constraints from focal ma@shas of induced earthquakes, geometries of
the Hutubi fault and regional background stresgmeg

2.5 Calculation of fault dlip tendency

The expression of fault slip tendency (Morris et 96 Streit & Hillis, 2004 is

Sp =1/(C +0p — D), 8
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whereC denotes the cohesive strength of faults, andeéhmining symbols on the right side are
the same as those in equation (6). It is worthngotihat the stresses in equation (8) are absolute
rather than relative. Hence, the slip tendency evaliepends on local stress regime, fault
orientations, simulated pore pressure and elasgsschanges. Slip tendency analysis can help
identify the faults with high reactivation potertia a region of perturbed stress, although some
caution is warranted as recent studies suggesinthated earthquakes may occur on faults with

low reactivation potential (e.g., Cochran, et2020).

At the HUGS site, the magnitudes of timesitu stresses have been estimated from borehole
breakouts and drilling-induced tensile fracturesimiage logs byCao (2013; however, they
present these in units of specific gravigg)( We only know the ratio of the maximum horizontal
principal stressyqx) 10 the vertical stress) ranging from 1.06 to 1.23. To re-estimate their
absolute values, we first calculate the verticeésst through integrating the densities from the
refined local velocity model (used to determinertiechanical parameters of subsurface formation
in Jiang et al., 202Dover depths based on the method proposed by Md&s@&ay (1978. The
calculation reveals that the magnitudeSpfat the reservoir depth of 3.6 km is 79.3 MPa. The
magnitude o8y, iS thus equal to 98.3 MPa with an extreme ratib.2#, which is favorable to
thrust faulting under the current stress regimetHéumore, the shear and normal stress acting on

the fault plane can be calculated according tdahewing two equations

T= %sin 28, (9a)
o, =%—%cos 26, (9b)

whereog; ando; are the maximum and minimum principal stressesgesponding t®y,,,, and

Sy, respectively, and is the fault dip angle.

3 Data
3.1 Earthquake catalogs

To examine the temporal and spatial variationsndficed seismicity, we gather three catalogs,
from Tang et al.Z018, Zhou et al. 2019 and China Earthquake Data Center (CEDC). BotlyTan
et al. Q018 and Zhou et al.2019 relocated earthquakes with magnitudes MO in the first

two injection-extraction cycles as well as thedhimjection phase (Figure S2). Whereas Tang et
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al. 2018 only analyzed regional seismological data fromnment stations in the Xinjiang
province, Zhou et al2019 included more data from a temporary network casnpy 38 mobile
stations. Consequently, Zhou et &#0{9 were able to better resolve the location andiapat
clustering of the events associated with the &irgt second injection phases and to determine the
focal mechanism solutions of the two largest evamtdugust 2013 (Figure 1c). The catalog
retrieved from CEDC comprises M0.1 earthquakes up to 31 December 2018 with a dvuakz
location precision of ~15 km (Figures 1c and 4)rd{ave refer to these three independently-
derived earthquake catalogs as Tang-2@b8u-2019, an€CEDC-2019, respectively.

Detected Earthquakes Operational Stage
3o 8 HUGS Operation x O Stage 1, n=21 (1:20,E:0,R:1)
e A\ Stage 2, n=14 (8,2,4)
o5 o L 7 Inection (n=57) + Stage 3, n=6 (6,0,0)
: o E - Extractlor! (n=16) % X Stage 4, n=31 (19,8,4)
R - Rebalancing (n=12) & Stage 5, n=8 (4,3,1)
g2 g n </ Stage 6, n=5 (0,3,2)
2 Q </ (grey if during rebalance)
o 151 %) 2 A
= 10 §o —— 3%( o .
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i lexl 12 'e2] 13 'E3] 4 [E4] 15 [E5] 16 | E6
Rla Ri1b R2a R2b R3a R3b R4a R4b R5a R5b R6a R6b
Gas volume, 10°m? n(M_>0)
B 1 80
0;&\0(\/
L & |
15 \(\\ ’—__.___”_ rilh e 60
-
10 - J , 4 40
//
/
qon
5F e ‘E‘ECE\S'H/ 1 20
0 | | | | | | 0
2014 2015 2016 2017 2018 2019

Figure 4. Temporal variations of induced seismicity detedigdCEDC and gas volumes. Top: Earthquake
numbers (enclosed by parenthesis) in each opeahtitege including an injection phase (1), an etioa
phase (E), and two rebalancing phases (R-a & lijoBo Gas volume change of each injectiextraction

phase with the cumulative number of earthquakectietes overplotted.
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All three catalogs show more frequent occurrendesanthquakes in the injection phases as
opposed to the extraction or rebalancing phasem(i4). To test this, we perform Chi-squared
analysis of contingency tables computed for the CEID19 catalog. In particular, we test a two-
way table for earthquakes grouped by the type efatpn occurring at their origin time (e.g.,
injection) and the stage number (e.g., injectiagstl). The test results indicat@-aalue of
0.0041, which is further verified by Monte Carlonsilation Hope, 1968with 3000 replications
this is strong evidence that the possibility ofectjon being the primary driver of induced
seismicity cannot be rejected.

Despite this evidence, that the injection proceas gausing most of the earthquakes surrounding
the HUGS, we see no correlation with either inmttrates or injected volumes. This finding
stands in contrast to seismicity induced by wastemdisposal or hydraulic fracturing, which
show relatively tight association with injectioes Keranen et al., 2014; Weingarten et al., 2p15

or volumes $chultz et al., 20)8respectively.

We further analyze the spatial distribution of indd seismicity based on the catalog of Zhou-
2019, whose locations are belived to be more atetinan Tang-2018 and CEDC-2019. Zhou et
al. (2019 detected the seismic cluster in August 2013 aadedits in the second injection phase,
which are far fewer than the events from Tang e28l18. To make a clear comparison, Figure
1c only plots the events of the cluster in the T2648 catalog. Both Zhou-2019 and Tang-2018
show that the spatial distribution is characteribyddense clustering and also some sporadic
earthquakes. The earthquakes that were tightlyesked in space and time simultaneously lead to
sharp increases of seismicity and contribute mmshe total number of events (Figure 4). The
cluster of events that unambiguously occurred dutime first injection phase illuminates a
previously-unmapped fault that lies parallel to tHetubi fault, with a length around 1 km.
Although Zhou et al.2019 did not report earthquake location uncertaintiegh Tang et al2018
and Zhou et al.2019 relocated this cluster to ~2 km off the HUGS (Figy1c).

3.2 3D saismic reflection data

To identify faults in the study area, we analyzesgidmic reflection data from PetroChina (Figure
5a), which is approximately 15 km long (East-Wes8 km wide (South-North), and more than 9

km deep. Ten seismic reflection profiles spacedygalong the strike of the Hutubi fault (Figure
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S3) are extracted from the 3D seismic data to iffemtajor structures and sedimentary layers of
the Hutubi anticline. For each profile, we use wafe Skua-Gocad® to label subsurface layers
with artificial synthetic records, well drilling dlogging data. First, sonic logging data of dnii
well DF1 (Figure 5b) is analyzed to derive Rickeawelets, which are used to simulate seismic
waves. Second, we match the artificial seismic wastgrounding well DF1 with the simulated

waves. Lastly, based on the drilling data of waHlDwe can ascertain the subsurface layers.
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Figureb5. 3D seismic reflection data at the HUGS site (a) gaalogical interpretations (b). Yellow curve

in panel b outlines the spatial range of the HU&&rvoir. Red line marks the intersection betwéen t
Hutubi fault and the reservoir.
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We further apply the theory of fault-related fo[@uppe, 1983Shaw et al., 20050 interpret the
synthetic seismograms of the ten profiles. Theldept seismic profiles are first converted from
travel time to the unit of kilometer using an aggaelocity model (3.0 km/s). Then, major faults
and sedimentary layers derived from each profiéeused to build a surface model of faults and
layers (Figure 5b) with the discrete smooth int&fon algorithm YWu et al., 2016, Lu et al.,
2019. We find that the 3D seismic survey data cammilhate several faults with lengths larger
than 10 km in the study region. However, it is hardscertain smaller faultS¢hultz et al., 2020;
Atkinson et al., 2020which are always characterized with tiny offséishough we can use some
methods to derive such small-scale faults (&#lgerten et al., 2006 the resulting number of small
faults would be very large and have a large uneyta

The seismic interpretation results show two kintdshallow-dipping thrust faults within the study
area. Above the HUGS reservoir, the Hutubi faull &ault 11l are associated with the anticlinal
topography and dip to the southwest with anglegingrfrom 10° to 25°. Below the reservoir,
there are another two faults dipping to the norgh@ath angles from 22° to 39°, but no distinct
faulting features are found near the location ef $kismic cluster in August 2013hpu et al.,
2019. The causative faults are probably secondarytdauith scales less than current seismic
imaging limits or with slip rates immeasurable lvggent set of data. From here on we refer to the
identified faults as “major faults” and unresolvedtential faults as “secondary faults”,
respectively.

3.3 Production data

We use the mean gas injection/extraction rate cf paase to simulate the cyclic operation of the
HUGS. The mean rates of the first four injectionrastion cycles have been presented by Jiang
et al. 020 based on production data of 11 wells from 2014010 2017/04/30 as well as online
reports on the total gas volume and time span di paase. Here, we search more online reports
to constrain the mean rates for tHedhd &' injection-extraction cycles (Table S2). In additio
we consider two kinds of production data to foredhg spatiotemporal evolution of stress
perturbation for numerical simulations of 20 ydarSection 4. (1) The mean rates of tiet@ 20"
cycles are set to be same as those ofttreyéle (Figure 6a). (II) To make the downhole puess

of injection wells reach the maximum working pressaf 34 MPaCao, 2013 at the end of the
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7™ injection phase, its injection rate is set to B&® kg/d. Rate of theTextraction phase is set
to be close to the values of the &nd & extraction phases (Figure 6b). For the other sy(@&to
20M), their rates are set to maintain stable operatifithe HUGS. The time spans of injection and
extraction phases in forecast simulations are asdumbe equal to the average operation days of
the 4" to 6" cycles. Operationally, there is a rebalancing elfaminly for equipment maintenance)
between each injection and extraction phases taabout three weeks.
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Figure 6. Forecast scenarios of cyclic gas injection-extoactiver 20 years. The initial time of simulation
corresponds to 9 June 20Red and blue lines represent the injection andhetibn phases, respectively.
(a) Production data for numerical simulations ofrerio 1 with the reference model (Table S3). (b)
Production data for scenarios 2 and 3 with thereefee and extreme models, respectively. The extreme
model differs from the reference model by only ¢hparameters (dip angles of receiver faults = 25°,
frictional coefficient = 0.8, reservoir Biot coaffent = 0.8).
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4 Results

Following the geomechanical modeling scheme prapbseliang et al.2020, we simulate the
spatiotemporal evolution of pore pressure and Guobldailure stress (CFS) perturbation due to
cyclic gas injection-extraction of the HUGS usirg twell-constrained hydro-geomechanical
model and the mean rates in a fully-coupled postielaframework. Both mechanical and
hydraulic boundaries are imposed on the model (Ei@1). The mechanical boundaries include:
() that the top boundary is a free surface, tigttthe bottom and side boundaries are fixed in the
normal directions but free to move in the parallieéctions, and (lIll) that the injection wells are
fixed. The hydraulic boundaries comprise no-flownditions applied for the bottom and side
boundaries and zero-pressure condition on the dopdary. Besides, the wells are taken as flux
discontinuity boundaries for cyclic gas injectioxtraction. To approximate the cylindrical
borehole in realistic operation, the specific deage in our 2D models is calculated by dividing
the mean volumetric rates of injection and extoacby the cylindrical surface area of open-hole

well sections.

During calculation of CFS changes, the receiveltdaare assumed to dip southwestward at an
angle of 20°, based on the predominant faultingufea in the study area (Figure 5b), which is in
accordance with the reported focal mechanismseofWo M >3.0 events£hou et al., 201P9and

the maximum horizontal compression stress orieirteétie NE-SW directionHeidbach et al.,
2016 (Figure 1c). As our study focuses on the strestupbation relative to the start point on 9
June 2013, it is unnecessary to consider the sthesgyes caused by gas production from 1998 to
2012.

4.1 Physics-based inter pretation of seismic distribution and focal mechanisms

The results of our simulations reveal two lobeswievated CFS on the southwest and northeast
sides of the HUGS (Figure 7). The variation of thepatial scales is correlated with the gas
injection-extraction cycles (Movie S1). We take théd-bar (10 kPa) stress perturbation as a
threshold, which is generally regarded to be theimmuim increment in failure stress needed to
trigger earthquakes on critically stressed faidteify, 1999 After 50 days since the onset of gas
injection, the northeast lobe with frictional caeiiént of the receiver faults equal to 0.4 expanded
to a width of 1.24 km (Figure 7b), which coincidegh the timing and location of the August
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2013 cluster. Moreover, stress variations at theegvobing points (P1 and P3) in the regions with
positive stress perturbation show that the magegud poroelastic stress changes are much larger
than pore pressure (Figure 8). In regions with aedlseismicity, the increase of CFS is dominated
by the poroelastic stress associated with theveseatilatation. Beyond that, Figure 7a also shows
that the boundary effects have little influencettom simulation results.
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Figure 7. Spatiotemporal evolution of the strength of CFSyreation. (a) Simulated CFS perturbation at
the end of the sixth HUGS injection phase withistial production data and the reference model @abl
S1). Insert panel shows a close-up view of wellisc)(Temporal variations of the stressing sidelsizes
during gas injection-extraction cycles of 20 yedise initial time of simulation corresponds to #d2013
Scenario 1 corresponds to the reference model atetlilvith the production data in Figure 6a (Tat3g S
Scenarios 2 and 3 correspond to the referencexdreh@ models simulated with the production data in
Figure 6b. Inset figure in panel (b) shows the&lop view of a time span during the first injectjamse.

Pink vertical line indicates the initiation time the August 2013 cluster.
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Figure 8. Temporal variations of pressure, poroelastic an& @erturbation at five probing points. The
initial time of simulation corresponds to 9 Jund2@P1-P3 are located in the southwest stressing thbe,
reservoir, and the northeast stressing lobe, réspbc P4 lies within the Hutubi fault zone is dg® probe
pressure changes. P5 lies within fault Ill is useg@robe normal and shear stresses changes actitig o
fault plane.(f) Sizes of the two stressing sidelobes definedAybar boundary at four time nodes. Solid
and dashed lines show the simulation results wittamad with consideration of thermoelastic effect,

respectively.
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In light of these findings, the seismic cluster Amgust 2013 was likely caused by stress
perturbations due to poroelastic loading at thesave fault(s) that exceeded its critical triggeri
threshold. The spatiotemporal distribution of ineldicseismicity can be summarized into two
explanations. First, the sharp increases in seigmace associated with seismic clusters that
occurred on the secondary faults located in the $wessing lobes rather than the reservoir-
bounding Hutubi fault. The occurrence time dependthe distances between the secondary faults
and the HUGS, which influence the strength of plastee loading. Second, the few sporadic
earthquakes surrounding the HUGS are potentiaikelil to ubiquitous pre-existing faults with
scales much smaller than the secondary faults. Kihd of faults were most likely brought to

rupture by the cyclic nature of gas injection-ecti@n.

The two M >3.0 earthquakes are characterized by thrust-slifaoits dipping to the southwest,
much like the Hutubi fault. This kind of slip mectism is also related to the reservoir dilatation,
which enhanced shear stresses on the principdl iian@es. As the horizontal component of the
compression is in line with the NE-SW oriented maxm tectonic principal streskl¢idbach et
al., 2016 and the predominant faults thrusting northeaswgigure 5b), such faults would be
most susceptible to failure in the two stressiraek) especially during the injection phase of each

operational stage.

Our analyses reveal that the spatiotemporal digiah and focal mechanisms of induced
earthquakes depend on the poroelastic loading gsodee to the reservoir dilatation with
increasing pore pressure. The variations in s@égsobing points P1 and P3 clearly show the
loading process is linked to cyclic nature of gagdtion-extraction (Figure 8). In addition,
contrasts in hydromechanical properties of the aggoal formations and fault geomechanical
parameters can also influence the loading magnitudieh tends to regulate the sharp increase of
induced seismicity in partnership with the locatafrthe secondary faults. Accordingly, with no
stress transfer by aseismic slip (ekyre et al., 201Pdetected in the geodetic observations, the
seismicity occurred near the HUGS due to poroeldsiding is a combined effect of both

operational and geological factors. Chang et 202() also found that both operational and
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geological factors control the accumulation procdssessure and poroelastic stress at the Pohang

enhanced geothermal system (EGS) site.
4.2 Reactivation potential of the Hutubi fault and fault 111

Figure 7a shows that the Hutubi fault and faulf Which are hydraulically connected to and
isolated from the reservoir, respectively, passuph the sidelobes characterized by enhanced
CFS. Consequently, assessing the largest potezaidhquake associated with the HUGS is
compounded direct pore pressure effects and patie|@erturbation. To evaluate the maximum
magnitude, we need to first assess the reactivabbentials of these two major known faults. If
they are reactivated, the magnitude of the largestntial earthquake would depend on their

spatial scales.

The method of slip tendency analysis (equatiom@)ch is defined as the ratio of shear stress to
effective normal stress acting on a fault planased to calculate the potential for frictionaldeg.

Two points within the two fault zones are seledteprobe the changes of pore pressure and elastic
stress associated with cyclic gas injection-eximactPoint P4 is located at the central depth ef th
part of the Hutubi fault in the reservoir layer. the Hutubi fault is hydraulically connected to the
wells, we focus on the pore pressure pertubatiaqu(gé 8b). Point P5 is located at the top end of
fault 11, which is most close to the stressingdols there is no hydraulic connection between

fault 1ll and the reservoir, we only consider th@aoges of normal and shear stresses (Figure 8d).

For the Hutubi fault, we assume that the pore piressan reach the maximum working pressure
of 34 MPa, which is equal to the initial pressufréhe reservoir before exploitation of the gasdiel

in 1998 Cao, 2013. This assumption represents an extreme but flusase where the fault
damage zone has a direct hydraulic connectioretinfbction wells. Then we calculated the shear
(7) and effective normab() stress acting on the Hutubi fault, with dip asgé@ring from 20° to

25°, as well as the slip tendeney ') based on the magnitudes®f,, ., andS, (Table 1). Under

two different dip angles, both of the slip tendersyimates are less than 0.15. For fault 11, with
dip angles varing from 12° to 28°, the normal ahdas stress changes at the end of the assumed
20-year gas injection-extraction process are lems 0.03 MPa even under the extreme simulation

scenario 3 with the largest stress perturbatioguiél 8d). The slip tendency estimates of fault Il
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are 0.05-0.09, two to three times lower than theesof the Hutubi fault (Table 1). The sensitivity

of these results to parameterization is discugs&ection 5.1.

Table 1. Calculation of dlip tendencies of the Hutubi fault and fault 111

Dip angle 20° 25°

Shear stress 6.1 MPa 7.3 MPa
Hutubi fault Normal stress 81.5 MPa82.7 MPa

Pore pressure 34 MPa

Slip tendency 0.13 0.15

Dip angle 12° 28°

Shear stress 3.9MPa 7.9 MPa
Fault Il Normal stress 80.1 MP&3.5 MPa

Stress perturbation 0.03 MPa

Slip tendency 0.05 0.09

An assumption in the slip tendency calculatiorha tvalues below the static frictional coefficient
represent stable fault conditions. Indeed, thetslydencies for both the Hubuti fault and fault 111
are far smaller than the minimal static frictioakfficient of 0.4 $himamoto & Logan, 1981,
Wibberley & Shimamoto, 20Q5indicating an extremely low possibility of fauleactivation
without an additional source of loading, whethetural or driven by human activities, or an
additional source of fault weakening. In particuldwe pore pressure in the Hutubi fault would
likely not reach its limit of 34 MPa (Figure 8b).dveover, the fault stability analyses assume the
two faults to be cohesionless, but faults can oltercemented and have an apparent cohesive
strength, which may be restored by hydrothermalesgation, quartz solution under temperatures
higher than 90°CHisher & Knipe, 1998 which is close to the reservoir temperature 269C
(Cao, 2013. Consequently, our evaluation of the stabilitytteése major faults, with geometries
imaged by 3D seismic data, represent conservatsudts and put a cap on the magnitude of the

largest potential earthquake.
4.3 Magnitude of the largest potential earthquake

The evidence at hand indicates that the mechamiading to induced earthquakes at the HUGS
site has thus far been related to poroelastic deftton caused by cyclic gas injection-extraction,
which exhibits a strong influence on secondaryttseast-dipping thrust faults. In addition, the
slip tendency values of the major faults near théG3%$ are much lower than their frictional

strength. Therefore, potential earthquakes indigefiliture operation of the HUGS would most
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likely occur on the secondary faults. The magnitoféne largest potential earthquake induced by
the HUGS would depend on the scales of such secpfaldts. Unfortunately, the secondary fauts
cannot be identified from the 3D seismic surveyt te faults illuminated by the earthquake
swarms in August 2013, from Tang-2018 and Zhou-2@t8 about 1.0 km long (Figure 1c).
According to global compilations of stress dropgreates Baltay et al., 201)) we assume that
stress drops are independent of magnitude andagstiire maximum magnitude to be around Mw
4.2 based on the scaling relation between momeghituae and fault lengtiB{aser et al., 201))

this is much smaller than the result (M>7) obtaibgdQiao et al.Z018 based on the empirical
relationship between injection volumes and seisnoment releasMcGarr, 2014. Our estimate

of maximum magnitude is not a statistical resutt; i it dependent of the number of smaller

events (e.gvan der Elst, et al., 20}6

We caution that it is challenging to assign an tamety to the maximum magnitude estimate
because of myriad sources of epistemic uncertamdypely the inability to identify secondary
faults and the absence of location uncertaintiesl&ected events. Although we cannot be sure
that the sizes of secondary faults are limited Xdkm scales, or that ruptures on separate fault
structures would not link together, we are conftddat all the major faults in proximity to the
HUGS have been identified and that these faultscaaracterized by very low reactivation
potentialsMazzoldi et al. (2012nvestigated the maximum earthquake magnitude gézetby
faults which are too small to be detected by cumgeophysical surveys. They concluded that CO
injection in geological carbon sequestration prigéxunlikely to induce a major event (7<M<7.9),

but rather of a minor event (2<M<3.9).
4.4 Location of the largest potential earthquake

As the distribution of detected earthquakes isiaglhatonsistent with the stressing sidelobes and
their spatiotemporal variation is also correlatethwhe evolution of the sidelobe sizes (Figure 7),
future induced earthquakes would most likely ogénuhe two sidelobes. To forecast the location
of the largest potential earthquake, we considertllifferent scenarios of future operation (with
14 more years, Table S3) to simulate growth of éhgislelobes. Scenario 1 corresponds to
simulation with the reference model (Table S1) andre injection and extraction rates equal to

the latest (8) operation cycle. The two other scenarios seHIU&S to reach the design capacity
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(10.7 billion n¥) and the maximum design working pressure (34 MRahe end of the next
(seventh) injection phase; subsequent cycles ane élssumed to operate under the maximum
pressure and storage capacity. Sensitivity anabyiSEE'S calculations show that the sidelobe sizes
increase with the reservoir Biot coefficients, fadip angles and frictional coefficients (Section
5.1), we here consider both the reference modettandxtreme model (with the largest test values
of the three parameters: dip angles of receivdtdau25°, frictional coefficient = 0.8, reservoir

Biot coefficient = 0.8) for the simulations of theo scenarios.

Under scenario 1, the HUGS reservoir reaches thenmian working pressure at the end of the
twentieth injection phase (Figure 7b). The growdterof the sidelobe is greatest during the first
several cycles and then grows slowly. Under scesa?i and 3, the lobe sizes indeed have a
noticeable increase during the seventh injecti@sphwhen the HUGS first reaches the maximum
pressure (Figure 7c). However, the sizes incrdagdly when the HUGS is under stable operation
with equivalent pressure variations, especiallyirduthe last several cycles. Interestingly, with
two different ways of reaching the maximum presquraler scenarios 1 and 2), the northeast
stressing lobe extends to the same size of 5.6tkimeaend of the last injection phase. Even for

the extreme case of scenario 3, the northeastsliabas less than 8 km wide.

The lobe sizes are also affected by the resenidithywwhich varies along the strike of the Hutubi
fault (Figure 9a). Without a complete set of pradut data of the first six cycles, we cannot
perform realistic 3D geomechanical modeling andueate analysis of the variation of the lobe
sizes. Instead, the influence of different HUGSeresir widths on the stressing lobe sizes is
investigated through 2D modeling with five diffetemidths according to the well locations
(Figure 9a). The simulation results of the refeeemodel (Table S1) show that the southwest lobe
at the end of the latest injection phase with s#ialproduction data decreases from 4.1 km to 3.5
km (Figures 9b and S4). By comparison, the northiede increases from 3.0 km to 4.0 km.
Regions with the largest stress perturbation ara&téal in the northwest and southeast of the HUGS,
respectively. Under scenario 3 with the extreme ehoithe southwest and northeast lobe sizes
range from 6.2 km to 5.3 km and from 4.2 km to kmi (Figure S5), respectively. Overall the

stressing lobe sizes vary by less than 1 km fosthie of test reservoir widths.

This article is protected by copyright. All rights reserved.



~

44.1°N

3
g
‘» (v Injection/Extraction well
8 | Reference model
S | O Southwest lobe
‘ —S—Northeast lobe
Extreme model
1 1.4 1.8 29 26 & Southwest lobe
Reservoir width (km) —A—Northeast Iobe‘
86.9°E 87.0°E 87.1°E

Figure 9. Influence of the HUGS reservoir widths on the siakthe stressing sidelobes at the end of the
sixth injection phase. (a) Locations of five 2D hydjeomechanical models with different reservoultivs

(1.0 to 2.6 km) and 10 kPa boundaries of the twessing sidelobes (red dashed lines) at the etigeof
sixth injection phase. (b) Simulated sidelobe sizih the reference and extreme models. The extreme
model is different from the reference model (TaB1g with only three parameters (dip angles of raxei

faults = 25°, frictional coefficient = 0.8, reseiwvBiot coefficient = 0.8).

Based on our simulation results for future growitthe stressing sidelobes, seismicity induced by
the HUGS is likely to be confined within a zone greater than ~8 km away from the reservoir,
under the assumption of a stress triggering thidségual to 0.1 bar. As the potential induced
earthquakes are expected to occur on the secofaldty, with limited scales, the possibility of
earthquake rupture extending outside of the pegtliregion is very low. Of course, this estimate
should be further refined pending access to compgbebduction data and insight into future

operational plans.

The strategy to evaluate the magnitude and locatidhe largest potential earthquake is further
verified by 3D simulation tests, which show thag 8tress changes on the slices cutting through
the reservoir are quantitatively close to curreBt @mulation results (Figures S6 and S7).
Although the faults identified from the 3D seisnsuarvey are assumed to be infinite along the
strike direction in the 2D modeling, 3D simulatioreveal that the finite scales of faults have a
minor effect on the stress calculation at the tmarthwest and southeast) ends of the gas reservoir

(Figure S7). This would influence the location loé targest potential earthquake at the two ends,
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which is why the curves outlining the occurrencage in Figure 9 are not closed. But, in
calculating the results of slip tendencies of mégits, we have considered different fault dip
angles and the extreme stress perturbation orathtsfthese far exceed the effects of finite fault

scales.

5 Discussion

With the newly-developed physics-based framework, lvave derived the estimates of the
maximum magnitude and location of the largest paErearthquake. Interpretation of the
spatiotemporal distribution and focal mechanismdeiected earthquakes is taken a key step in
this process. There are many studies to interpretspatiotemporal distribution of induced
seimicity (e.g.Shapiro & Dinske, 2009; Chang & Yoon, 2020; Dendéing. Connell, 2020; Yeo

et al., 2020 or to estimate the seismic risk (eldazzoldi et al., 2012; Dempsey & Suckale, 2017;
Langenbruch et al., 20)8but there are not many that do both in an istegh framework. For
example, Shapiro and Dinsk2009 proposed a general non-linear diffusioral)(equation to
derive the triggering front of fluid induced seisity based on the physical basis of pore pressure
perturbation. Chang and Yoor2020 developed a conceptual model to interpret the
spatiotemporal patterns of induced seismicity olesrat Azle, Texas. They found that fault
orientation with respect to local stress pertudoetican be one of the critical factors to determine

the spatiotemporal pattern of injection-inducedset events over time.

In addition, our method of interpreting the spaioporal distribution of induced seismicity also
differs from the seismicity rate model based onrtte/state friction lawe(g., Dieterich, 1994;
Segall & Lu, 201bused to interpret the temporal distribution of ioed seismicitye.g., Candela
et al. 2019; Zhai et al., 20)9Although the rate/state seismicity model usegsal parameters
like the background seismicity, stressing rates, fanlt frictional properties, it was designed to
explain seismicity rates inside a fixed crustaluvok, meaning there is an inherent tradeoff
between the size of the volume in considerationthrdsize of faults it may reasonably contain.
This makes it difficult to interpret the spatiaktlibution of seismicity, and says nothing about
either the faulting styles of induced earthquakeshe largest potential earthquake. Currently,
there has been a growing need for physics-baseclmadlat link injection operation to the
observed seismicity, and we are able to directlgteethe effects of the poroelastic loading

processes of cyclic gas injection/extraction todatected earthquakes. Numerical simulations of
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prospective gas storage and extraction activitiey the next decade reveal that poroelastic
loading effects would also control the largest ptigé earthquake, which would most likely occur

on failure-prone secondary faults with a magnitagmind Mw 4.2.

Although preceding simulations have revealed that gpatiotemporal distribution of detected
earthquakes matches with the evolution of the sitigssidelobe sizes, the strength of stress
perturbation depends on many model parameters,va#tits own natural variability. To test the

influences of different parameter settings, we hesaduct sensitivity analysis on the CFS
calculation. In addition, there should be somerttoalastic effects during gas injection phases
since the temperature of injected gas is lower tim@nreservoir termperature, which are not
considered in the above modeling, and here we atratiditional simulations to quantitatively

investigate the effects.
5.1 Sensitivity tests

As the hydro-geomechanical model has been tightigsitained by multiple geological,
geophysical and geodetic data, we here only ewalinat sensitivities of CFS calculations to the
assumed dip angles and frictional coefficients exfeiver faults, as well as the reservoir Biot

coefficients.

First, the geological interpretation of 3D seismaflection surveying data identifies two kinds of
thrust faults dipping to the northeast and southwespectively, within the study area (Figure 5).
Under the scenario of receiver faults dipping te #outhwest, the two stressing lobes rotate
counterclockwise and expand from a width of 1.1tkm.3 km with dip angles increasing from
10° to 30° at the occurrence time of the August6iister (Figure 10). Under the scenario of
northeast-dipping receiver faults, the stress peation is vertically symmetrical with the

simulated stress pattern of the preceding scenario.
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Figure 10. Coulomb failure stress perturbation at the occureetime of the seismic cluster in
August 2013 with five different assumed receivailtta White dashed lines mark the 0.1-bar
boundaries of the two lobes with evaluated CFS.t#ints show the seismic cluster in August

2013 from Zhou-2019.

Second, for most rocks the static frictional caréfint ranges from 0.6 to 0.8Byerlee, 1978;
Townend & Zoback, 2000; Collettini & Sibson, 2D0h the presence of clay minerals or gouge
in the fault zone, the frictional coefficient caa imuch lower at ~0.45himamoto & Logan, 1981,
Wibberley & Shimamoto, 20D5 The results from additional simulations show tthibe
aforementioned CFS lobe sizes are relatively irteado the assumed friction; they increase
from 1.2 km to 1.3 km corresponding to frictionakéficients of 0.4-0.8 (Figure 11).
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Figure 11. Coulomb failure stress perturbation at the occueetime of the seismic cluster in
August 2013 with different frictional coefficientd/hite dashed lines mark the 0.1-bar boundaries
of the two lobes with evaluated CFS. White poiititsvg the seismic cluster in August 2013 from
Zhou-2019.

Third, the Biot coefficientx represents the effective stress coefficient fdk lmleformation
controlling the strength of coupling between presstiffusion and elastic deformation, with
values ranging from 0 to 1. In the reference gedraeical mode{Table S1), a is calculated to be
0.39 based on the drained bulk modukisnd the bulk modulu&s of the solid constituent
according to this relatiom = 1 — K /K, (Wang, 200D When the value increases from 0.2 to 0.8,
the two lobe sizes expand from 0.9 km to 1.6 kngyFé 12). Among the parameter sensitivities
we tested, this clearly has the strongest influemcéhe expansion of the sidelobes. &s80.8 in
particular, the 0.1-bar boundary of the northetstsing lobe is very close to the distance between
the cluster and the HUGS reservoir. Hence, theejsncy between the lobe size and the distance
is probably due to model simplifications includifeglt angles, frictional and Biot coefficients,
hypocentral location uncertainties notwithstandiAtiernatively, the 0.1-bar threshold may be
unrealisticly low for faults in this area, but ieassing this threshold would shrink the size of the
CFS sidelobes.
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Figure 12. Coulomb failure stress perturbation at the occueetime of the seismic cluster in
August 2013 with different reservoir Biot coeffinis. White dashed lines mark the 0.1-bar
boundaries of the two lobes with evaluated CFS.t8\oints show the seismic cluster in August
2013 from Zhou-2019.

Lastly, although the reservoir porosity and perniggn our model are selected to be 20% and
3.25 x 1013 m?, respectively, the influence of their variation:arrow range (20-30%, 1.25-3.25
x 1012 m?) determined by Jiang et aRq20 are expected to have little influence. The major
reasons for this include: (1) that the stress ceadgpend on both porosity and permeability which
work together, and (2) that the simulated rock defdion with different pairs of the two paramters
within the narrow domain fits the GPS observatiohsurface deformation equally well. The

surface deformation reflects subsurface stressggsan
5.2 Thermoelastic effect

Due to lack of observational constraints on thenttophysical properties of rocks of subsurface
formation, preceding geomechanical simulations am;nducted based on fully-coupled

poroelasticity. Although the influence of fluid prerty changes due to temperature contrasts
between injected gas and the reservoir on thessenadution is believed to be of second order, the

secondary thermoelastic effect needs to be quawshaclarified.
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As introduced in Section 2.3, we include heat tiemis porous media and its coupling with the
solid matrix. The thermal conductivity and heataeify of natural gas are set to be 0.032 W/(m- K)
and 2300 J/(kg-K), respectively, based on the datshof National Institute of Standards and
Technology (NIST). The thermal conductivities arehhcapacities of all rocks are set to be 3
W/(m-K) and 850 J/(kg-K), respectively. Based oa tirermal expansion coefficients of rocks
(Skinner, 196% we test two values: f0and 1@ 1/K. In addition, we set the temperature
difference to be 10 K for each injection phase,awhis much larger than the median values of

injection and extraction temperature.

Our thermo-poroelastic simulations reveal that@oellomb stress changes in the two sidelobes
are slightly less than the magnitudes derived fribra reference model (Figure 8f) when
thermoelastic effect is considered. At the prolppagnt P1, the simulated CFS with the largest
thermal expansion coefficient is only about 1996 lgsan that without considering thermoelastic
effect at the end of the sixth injection phase ((Fégl3). These results indicate a relatively small
difference compared to the changes in pore pregstftesion within the reservoir; however,
without finer observational constraints on the thephysical properties of the reservoir rock, these
should be viewed as relatively coarse estimateg fhlermoelastic effect of injecting low-
temperature gas indeed causes contraction of mdaksuch deformation does not encourage
failure on thrust faults, like the ones hosting twe M >3.0 events in August 2013; hence, we
believe the results from simpler poroelastic sohsi which fit GPS-observed ground deformation

(Jiang et al., 202)) have acceptable accuracy.
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5.3 Possible reasons for induced seismicity on undiscovered faults

At the HUGS site, the detected earthquakes frontétalog of Zhou-2019 did not occur on the
major faults revealed by the 3D seismic surveysTtienomenon — that no clear correlation has
been found between faults that are detected bytysagal surveys before injection began and the
structures on which seismicity occurred — alsosexitother regions with induced seismicity, such
as west of Fox Creek, Albert&dton et al., 2018 Preston New Road, Lancashire, England
(Clarke et al., 2019 and St. Gallen deep geothermal proj&aefl et al., 2019 The major reason

is attributed to the difficulty to detect subtleufis prior to reactivationAtkinson et al., 2020;
Schultz et al., 2020 Such fauls are always characterized by very Isoftdets and are often
identified only by the occurrence of earthquakehuBiz et al. 2020 thought that fluid injection
(coupled with monitoring of earthquakes) would Ibe of the best techniques to locate such faults.

Our slip tendency analysis reveals that the reaiitia potential of the discovered major faults is
extremely low. Although the finding indicates thiaé crust of our study region is not critically

stressed, there are probably some very localizg@ne with abnormal stress conditions (stress
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heterogeneity), which are susceptible to the pleation of cyclic gas injection-extraction. This

could be a possible reason for induced seismi@tyiming in a non-critically stressed region.

6 Conclusions

The annual cycle of gas injection-extraction of tHéGS causes measurable ground deformation
and induced seismicity. The latter tends to ocouing the injection phase of each operation stage.
We estimate the magnitude and location of the &rgetential earthquake with a physics-based
framework founded on fully-coupled poroelastic siations and a robust hydro-geomechanical
model of the system, which can integrate reali€oulomb failure stress calculations with slip

tendency analysis. It is clear that both inducednsie distribution and moment release are
controlled by poroelastic loading effect due torbservoir dilatation; the contrast in temperatures

between the reservoir and injected fluid is relininconsequential.

The reservoir-bounding Hutubi fault does indeedegigmce pore pressure increases during cyclic
gas injection-extraction, but its orientation iretlocal stress field dictates that pore pressure
changes would need to be substantially larger thamaximum working pressure of the HUGS
reservoir to cause frictional failure. Insteadelikith the induced earthquakes already observed,
the most likely location for future seismicity is dhe secondary faults in the sidelobes with
enhanced failure stresses where poroelastic loadbngnates. Our simulations of more than a
decade of hypothetical operational cyles indicatelatively slow growth of these sidelobes. In

this case, and more generally, direct pore pressudestrain monitoring could help confirm this.

Our study helps to provide a reference strate@gsess the source(s) of induced seismicity hazard
at UGS facilities, and perhaps more generally. Hppraisal process includes physical
interpretation of the spatiotemporal distributiamdaocal mechanisms of induced earthquakes,
which can improve the reliability of the evaluatigkdditionally, this appraisal process is based
largely on commonly collected geophysical databkéscontinuous geodetic and seismic data.
Thus, with close interdisciplinary cooperation amomdustry, academia and regulatory
authorities, an acceptable balance between energiapment activities and exposure of publics

to the associated risks may be achieved.
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